Genetically encoded calcium indicators (GECIs) are suitable for long-term imaging studies. In this study, we employed a highly sensitive GECI, G-GECO, and achieved efficient gene delivery with an adenoviral vector. The adenoviral vector allowed us to express G-GECO in more than 80% of cells. More than 80% of G-GECO-expressing cells showed an ATP-induced increase in fluorescence intensity due to Ca 2+ release from intracellular stores and subsequent Ca 2+ entry. The fluorescence intensity of these cells was increased more than 2-fold by stimulation with 10 μM ATP. We applied long-term imaging (for ~10 h) to monitor Ca 2+ responses in SF2, a rat dental epithelial cell line, in culture conditions. SF2 cells showed intermittent rises in the intracellular Ca 2+ concentration in the presence of 100 nM 1,25-dihydroxyvitamin D 3 . Many of these Ca 2+ responses began at a specific location in the cytoplasm and spread throughout the entire cytoplasm. The combination of efficient gene delivery with an adenoviral vector and long-term imaging with a highly sensitive GECI enabled detection of intermittent Ca 2+ responses that occur only 3-10 times/h/ 100 cells. This method could be useful to study the effects of Ca 2+ responses for regulating longterm processes, such as gene expression, cell migration, and cell division, in many cell types.
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The hormonally active form of vitamin D 3 , 1,25-dihydroxyvitamin D 3 (VD3), is associated with calcium and phosphorus homeostasis, and maintains bone content through effects on the intestine, bone, kidney, and parathyroid gland (13) . In addition to these traditional calcemic activities, VD3 is involved in cell proliferation, differentiation, and immunomodulation (11) . Many of the biological actions of VD3 are mediated by the nuclear vitamin D receptor (VDR), a ligand-dependent transcription factor belonging to the superfamily of steroid/thyroid hormone receptors (13) . Moreover, VD3 modulates the intracellular Ca 2+ concentration ([Ca   2+ ] i ) in some cell types (14, 16, 19, 20 
Ca
2+ imaging. Fluorescence images and differential interference contrast images of G-GECO-expressing cells were captured at an interval of 5 s or 2 min with a Nikon C1 confocal laser scanning microscope (Nikon, Tokyo Japan) equipped with a Nikon Fluor ×40 oil immersion objective lens (NA = 1.30). G-GECO fluorescence was visualized using a 488 nm diode laser in combination with a 405/488/543 nm multi-band dichroic mirror and a 515 nm band-pass filter (half width, 30 nm). G-GECO-expressing cells were incubated in DMEM/ F12 lacking phenol red and maintained under cell culture conditions (37°C, 5% CO 2 /95% air) during imaging using a stage chamber and a stage-and-objective lens heating system (INU-NI-F1; Tokai Hit, Shizuoka, Japan).
Statistical analysis.
Results are presented as the means ± SEM of at least three independent experiments. Statistical significance was assessed using Fisher's least significant difference test. P values <0.05 were considered significant. Figure 1 shows fluorescence of G-GECO-expressing SF2 cells before (Fig. 1B ) and after addition of ATP and ionomycin to examine changes in fluorescence of G-GECO with the receptor-mediated Ca 2+ response ( Fig. 1C ) and the maximal elevation of [Ca 2+ ] i (Fig. 1D ), respectively. In these experimental conditions, ~81% of cells expressed G-GECO, and more than 80% of G-GECO-expressing cells showed an ATP-induced increase in fluorescence intensity due to Ca 2+ release from intracellular stores and subhowever, this limitation was overcome by recently developed GECIs, such as Yellow Cameleon 3.6, Yellow Cameleon Nano (YC-Nano), G-GECO, and GCaMP6 and 7 (3, 7, 10, 21) . This prompted us to examine Ca 2+ dynamics in cell culture conditions. In the present study, we utilized an adenoviral vector for highly efficient expression of G-GECO and established a method for long-term Ca 2+ imaging of SF2, a rat dental epithelial cell line, in cell culture conditions. SF2 cells possess characteristics of preameloblasts, and differentiate into ameloblast that secrete enamel matrix proteins such as amelogenin, ameloblastin, and enamelin. We previously found that VD3 inhibits proliferation and promotes differentiation in SF2 cells (9) . Here, we demonstrate the effects of VD3 on [Ca 2+ ] i in SF2 cells by long-term imaging with confocal laser scanning microscopy.
RESULTS

Expression and responses of G-GECO
MATERIALS AND METHODS
Materials. SF2 cells, a rat dental epithelial cell line were employed as described previously (12) . CMV-G-GECO1.1 (Addgene plasmid #32445) was a gift from Dr. Robert Campbell (University of Alberta, Canada). The active form of vitamin D (VD3) was purchased from Sigma (St. Louis, MO, USA).
Construction of an adenoviral vector to express G-GECO.
Construction and preparation of adenoviruses were performed using the ViraPower Adenoviral Expression System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Briefly, the ccdB region of the pENTR-1A entry plasmid (Invitrogen) was removed by digestion with EcoRI. Next, the endogenous NheI site of pENTR-1A was removed and a new NheI site was added upstream of the EcoRI site in the multiple cloning site of pENTR-1A using the AMAP™ Multi Site-directed Mutagenesis kit (Amalgaam, Nagoya, Japan) according to the manufacturer's instructions. The pG-GECO1.1 plasmid was then digested with BamHI and EcoRI, and the resulting cDNA containing the fragment was inserted into the BamHI/EcoRI sites of mutated pENTR-1A. Finally, pG-GECO1.1 cDNA was cloned into the pAd/CMV/V5-DEST adenoviral expression vector using the Gateway system LR recombination reaction (Invitrogen) to generate pAd-G-GECO recombinant adenoviruses. After digestion with PacI, the viral plasmid was transfected into HEK293A cells using Lipofectamine 2000 (Invitrogen), and the supernatant containing Ad-G-GECO adenovirus particles was prepared and used
The frequency of intermittent rises in [Ca 2+ ] i was approximately 3-fold higher in the presence of VD3 than in the absence of VD3 (Fig. 4) . A SOCE inhibitor, LaCl 3 (1 mM) and the nonselective plasma membrane Ca 2+ channel inhibitor, CdCl 2 (50 μM) failed to block the VD3-induced Ca 2+ responses. As shown in Fig. 2 ] i in the presence of VD3. Taking these results together, the sequent Ca 2+ entry. ATP increased the fluorescence intensity of these cells more than 2-fold. Subsequent application of ionomycin at 6 min after the ATP stimulation, induced an additional increase in fluorescence (Fig. 1D) . We also examined the effect of LaCl 3 (Fig. 2) .
Effect of VD3 on Ca
2+ signaling We next examined the fluorescence of G-GECO-expressing SF2 cells cultured at 37°C in 5% CO 2 /95% air. SF2 cells showed intermittent rises in [Ca 2+ ] i in the presence of 100 nM VD3 (Fig. 3A) . The majority of intermittent rises in [Ca 2+ ] i were observed more than 2-3 h after addition of VD3 (Fig. 3C) . These Ca 2+ responses began at a specific location in the cytoplasm and spread throughout the entire cytoplasm. In many of these Ca 2+ responses, cells moved in the opposite direction to the local rise in [Ca 2+ ] i (Fig. 3A and 3B) . most likely mechanism for these Ca 2+ responses is Ca 2+ release from intracellular stores. In non-excitable cells including SF2 cells, Ca 2+ release from intracellular stores is mediated by inositol trisphosphate (IP 3 ) production via the activation of a G protein-coupled receptor and receptor tyrosine kinase. Therefore, it is thought that intermittent Ca 2+ responses in cell culture conditions are induced by biologically active substances derived from serum and/or released from cells, such as epidermal growth factor and ATP. On the other hand, wellknown actions of VD3 are mediated by the VDR, a ligand-dependent transcription factor. The VDR modulates the expression of vitamin D-responsive genes either by binding to the VD3 response elements present in their promoter regions or by antagonizing the action of certain transcription factors, such as nuclear factor of activated T cells and nuclear factorkappa B. How does VD3 modulate IP 3 -dependent Ca 2+ responses? It has been reported that VD3 promotes keratinocyte differentiation by increasing [Ca 2+ ] i via increased expression of phospholipase C (14, 20) . In addition to this genomic action, VD3 was postulated to act through a membrane-associated receptor to account for the rapid stimulation of Ca 2+ release from intracellular stores and subsequent Ca 2+ entry in skeletal muscle cells (16, 19 ] i seems to be associated with similar directional cellular movements. The present study employed G-GECO and an adenoviral vector, and established a method for longterm Ca 2+ imaging in cell culture conditions. Although the use of G-GECO and other GECIs needs their genetic transfection to cells, very low or no leakage from cells or into organelles is the clear benefit of this method over synthetic dyes. In addition, the adenoviral vector allowed us to express G-GECO in more than 80% of cells. Combination of these methods enabled us to detect intermittent Ca 2+ responses that occur only 3-10 times/h/100 cells. This method should be applicable to other types of GECIs, such as R-GECO for analyzing multiple cell types (21) and the YC-Nano series for quantitative analysis (7), in addition to stable expression with an adeno-associated virus or lentiviral vector (18) . ences University of Hokkaido.
